1,25 dihydroxyvitamin D [1, 2] . Physiologically, in response to low extracellular calcium, reduced binding of ionic calcium to the calcium sensing receptor stimulates PTH synthesis and release. There are three servomechanisms that restore the serum calcium: (i) stimulation of renal tubular calcium reabsorption; (ii) increased osteoclastic bone resorption; and (iii) increased renal production of 1,25-dihydroxyvitamin D by stimulating the renal 1α hydroxylase, thus converting 25 hydroxyvitamin D to the active vitamin D metabolite. 1,25 Dihydroxyvitamin D facilitates gastrointestinal absorption of calcium. This latter effect is an indirect effect of PTH, while the first two actions are directly attributable to the actions of PTH on its target tissues. These three mechanisms help to restore blood calcium to normal levels. PTH also increases urinary phosphate excretion by decreasing phosphate reabsorption from the proximal renal tubule via decrease expression of the type 2a sodium-phosphate cotransporter [3] . The physiologically mirror image of these actions is seen with increased calcium, 1,25 dihydroxyvitamin D and, to a lesser extent, phosphate exerting a negative feedback to decrease PTH production and secretion.
Under physiological conditions, PTH influences bone remodelling by increasing osteoblast proliferation, decreasing osteoblast apoptosis and converting quiescent lining cells into osteoblasts. PTH also increases osteoclast activity by enhancing receptor activator of nuclear factor-κB ligand (RANKL) production from osteoblasts. More recently, it has been suggested that osteocytes can directly influence osteoclastic activity via PTH induced RANKL expression [4] . Depending upon the balance of PTH's actions to stimulate osteoblast, osteocyte or osteoclast activities, the net effect of PTH can be either an anabolic one or a catabolic one [5] .
The tonic, continuous secretion of PTH is modulated by a circadian rhythm in which there is an early morning peak and a late morning trough followed by a smaller peak in the afternoon [6] . Superimposed upon this tonic and circadian dynamic are small amplitude pulses that can occur as often as 10-20 min with a frequency of 6-7 pulses h -1 [7] . Pulsatile PTH secretion accounts for about 25% of the total amount of PTH secreted [8] . Sharper, larger bursts of PTH secretion, thought to be stochastic, have also been described [9] . Hypocalcaemia increases the frequency and amplitude of these pulses, whereas hypercalcaemia and 1,25 dihydroxyvitamin D reduces their frequency and amplitude [10] . Circulating PTH is rapidly metabolized by renal and hepatic tissue endopeptidases and excreted into the urine by glomerular filtration. Systemic levels are therefore determined, to a great extent, by the production rate of the hormone [11] . The amino-and carboxy-terminal fragments of PTH have different half-lives. The estimated half-life of amino-terminal fragments is short (a few minutes) whereas the carboxy-terminal fragments is long (hours) [12] . PTH has been administered as continuous intravenous infusion which indeed demonstrated a very short half-life. In humans, the estimated half-life of PTH (1-34) is about 10 min. [13] PTH is available pharmaceutically as rhPTH and as rhPTH . Both are administered as subcutaneous injections, and the half-life of both forms are 2.5 and 1 h, respectively. These differences in elimination kinetics are probably due to different absorption kinetics from the subcutaneous reservoir rather than metabolism of these peptides [14, 15] .
The first 34 amino-terminal residues of PTH, PTH demonstrates biological responses that are indistinguishable from the full-length peptide [16] . The amino-terminal portion of PTH is required to bind and activate its receptor. PTH binds to the PTH/PTHrP receptor type 1, a family B G protein-coupled receptor. This receptor is able to exist in at least 2 distinct conformation states (R 0 and R G ) that differ in their signalling response. Ligands that bind selectively to the R G state result in a shorter signalling response whereas ligands that bind selectively to the R 0 state result in prolonged signalling response (Figure 1 ) [17, 18] . This downstream cAMP signalling response is considered to be the primary signalling cascade that mediates the effect of PTH receptor. The receptor can modulate a ligand's biological activity depending of the preferential binding to either state [17] . Since most PTHs have some affinity for both states of the PTH/PTHrP receptor, the behaviour of a given PTH vis à vis duration of effect is determined by the ratio of binding affinities to each of these receptor states ( Figure 2 ). The PTH/PTHrP receptor not only mediates the biological action of PTH but also PTH-related peptide (PTHrP). The receptor is therefore present in the classical sites of PTH action such as the bone and kidney but also in various other tissues not involved in the regulation of calcium homeostasis [19] . The presence of PTH/PTHrP receptor in developing tissues that effectuate the physiological role of PTHrP indicates its role in growth and development. PTHrP is a longer peptide than PTH with a linear sequence that is 141 amino acids long. There is close sequence homology with PTH in the amino-terminal first 13 amino acids. Eight residues are identical [20] . Naturally occurring PTHrP has important physiological roles that include but are not limited to mammary gland development, lactation, tooth eruption, regulation of keratinocytes differentiation, vascular and uterine smooth muscle regulation, and placental calcium transport to the fetus. Its physiological role also extends to bone, contributing to the growth and development of the skeleton. In the skeleton, both PTHrP and PTH exert their distinct effects through binding and activation of a common PTH/PTHrP type 1 receptor in osteoblasts. While both peptides have the ability to stimulate bone formation, PTH principally functions as a circulating endocrine response system, while PTHrP is believed to be primarily a paracrine regulator.
Pathophysiological effects of PTHclinical manifestations of PTH excess or deficiency
The effects of PTH on skeletal remodelling can be appreciated by reviewing the effect of excess PTH or deficient PTH on the skeleton. To this point, the natural histories of both primary hyperparathyroidism (PHPT) and hypoparathyroidism, and the effect of treatment of both diseases on the skeleton give us insights into the dual anabolic and catabolic sequelae of PTH.
Figure 1
Binding selectivity for the different conformational states of the parathyroid hormone/PTHrP receptor leads to differential effects on downstream signalling. The preferential binding of abaloparatide for the R G state elicits a transient cyclic AMP signalling response favouring a more anabolic effect whereas teriparatide has a preferential binding for the R 0 state and portends towards a more prolonged cyclic AMP signalling response and a more pronounced catabolic effect
Figure 2
The two panels show the relative binding affinities of abaloparatide and teriparatide to two distinct parathyroid hormone (PTH)/PTHrP conformations (R G and R 0 ). 125 I-M-PTH (1-15) is the competitive tracer radioligand that binds selectively to the R G conformation while 125 I-PTH (1-34) is the competitive tracer radioligand that binds selectively to the R 0 conformation (adapted from [104] )
performed. Even in these countries, however, skeletal manifestations can be readily detected by bone mineral densitometry. Bone loss is thought to be due to the resorptive effects of PTH which is present in excess in these individuals.
Bone mineral density. Conventionally, it has been thought that continuous PTH secretion selectively affects cortical bone more than trabecular bone. Longitudinal studies describing the progression of skeletal disease in the natural history of PHPT using bone mineral densitometry have shown that cortical bone is predominantly affected with relative preservation in the trabecular bone. The 15-year study of Rubin et al. [23] showed that the distal radius, a site comprising predominantly cortical bone, decreased the most by 35% over 15 years while the femoral neck, which contains a relative even admixture of cortical and trabecular bone, decrease to a smaller extent, by 10%, while the lumbar spine, which is primarily trabecular bone, remained stable for 15 years. This densitometric study highlights the vulnerability of cortical bone to the catabolic effects of continuous PTH secretion in a disease state such as PHPT.
Of note, the decline in the densitometric profile of cortical bone occurs primarily after 10 years of follow up. For the first 10 years of this observational study, bone mineral density (BMD) remained stable at all skeletal sites [24] . Cure of PHPT by successful parathyroidectomy leads to an improvement of trabecular bone first (e.g. lumbar spine), followed later by equivalent gains in the hip and forearm regions [23] .
Bone histomorphometry. Histomorphometric studies confirm the apparent preferential negative effect of excessive PTH on cortical bone, gleaned first from the densitometric studies. Detailed analyses of iliac crest bone biopsies by histomorphometry provide evidence for increased cortical porosity as well as cortical thinning. In contrast, trabecular bone mass and microarchitecture are typically preserved as described by structural indices such as trabecular bone volume, trabecular number, connectivity and separation. These findings suggest a protective effect of PTH on trabecular bone [25] [26] [27] [28] [29] [30] . Bone histomorphometry offers the advantage of allowing study of the dynamic characteristics of bone formation as well as static parameters. Dempster et al. [28] showed that the adjusted apposition rate and active formation period is higher in PHPT than in normal postmenopausal women. These observations were among the first to suggest that, even in a disorder characterized mainly by bone loss, there was nevertheless evidence for some anabolic action of PTH in the trabecular compartment of bone. While this is undoubtedly the case, it should be pointed out that histomorphometric studies classically involve the iliac crest, a site that has never been clearly shown to be representative of weight-bearing sites. Such observations led to noninvasive imaging studies of skeletal sites that are traditionally more representative sites such as the lumbar spine and peripheral skeleton.
Bone turnover markers. In patients with PHPT, markers of bone formation and bone resorption correlate with bone histomorphometry [31] . Both bone formation markers and resorption markers are elevated, reflecting a state of increased bone turnover that is characteristic of PHPT [32] . In mild asymptomatic disease, bone turnover markers (BTMs) may not be frankly elevated but rather, near the upper limit of normal [33] . Following curative therapy, both bone formation and resorption markers decrease significantly from preoperative values and are within the normal range within the 1st year postparathyroidectomy [34] [35] [36] . Although both bone formation and resorption markers decline post parathyroidectomy, there is a suggestion that the pattern of decline may differ between the two with the decline of bone resorption markers preceding that of bone formation markers [36, 37] . [39] . These findings support the proposition that in PHPT, trabecular bone is not normal and contributes to fracture risk. In this regard, the work of Khosla et al. [40] and Vignali et al. [41] , in which vertebral risk was higher in PHPT than normal controls is substantiated by these observations. Longitudinal studies with TBS are limited but in a small cohort of 10 subjects, there was no change after a 2-year conservative follow-up period and an improvement in 20 surgically treated patients [42] .
High-resolution peripheral quantitative computed tomography.
More detailed quantitative microstructural information in PHPT is available by using high-resolution peripheral quantitative computed tomography (HRpQCT). HRpQCT is limited to measurements of the ultradistal radius and a comparable tibial site. Its advantage is that the voxel resolution of 80 μm, or more recently, with the secondgeneration instrument, 62 μm, permits quantification of microstructural elements of the cortical and trabecular compartments. By HRpQCT, it is clearly apparent that the detrimental effects of PTH excess are not limited to cortical bone but also extend to trabecular bone [43, 44] (Figure 3 ). At both the radius and the tibia, there are decreased volumetric densities in both the cortical and trabecular compartment, thinner cortices and more widely spaced and heterogeneously distributed trabeculae as well as a reduced plate-like trabeculae and decreased plate/rod configuration, all of which indicate bone of poorer quality at those sites [44] . After successful parathyroidectomy, improvements in cortical and trabecular volumetric BMD as well as trabecular microarchitecture with increased trabecular number and decreased trabecular separation were evident [45] .
Hypoparathyroidism and the skeleton
In hypoparathyroidism, decreased levels of PTH results in the inability to maintain calcium and phosphate homeostasis and thus hypocalcaemia and hyperphosphataemia follows. The effect of low calcium on different tissues results in typical symptoms of neuromuscular irritability, cognitive dysfunction, renal and cardiac manifestations. The lack of PTH hinders renal calcium resorption and thus hypercalciuria ensues, only to be aggravated by needs for large amounts of supplemental calcium and calcitriol. This renal pathophysiology and the therapeutic use of large amounts of calcium and active vitamin D lead to nephrolithiasis, nephrocalcinosis and eventual renal impairment as well as systemic calcification. The effects of deficient PTH on bone, stand in stark contrast to the effects of excess PTH on the skeleton. These effects relate importantly to the profound reduction in bone turnover that is characteristic of untreated hypoparathyroidism.
BMD. Virtually all studies show higher BMD at all skeletal sites [46] [47] [48] [49] [50] [51] [52] [53] . Rubin et al., for example, showed that in hypoparathyroidism, BMD is greater at all sites compared to age-and sex-matched reference values. BMD Z-scores were +2.2 at the lumbar spine, +1.3 at the femoral neck, +1.1 at the total hip and +0.64 at the distal 1/3 radius [48] . Treatment with PTH either by teriparatide [PTH (1-34)] [54] [55] [56] [57] or PTH (1-84) [52, 58, 59 ] generally shows an increase or unchanged BMD at the lumbar spine and hip, but a small decrease at the distal 1/3 radius. Further work by Cusano et al., in a 4-year longitudinal study, showed that the small decline in the distal 1/3 radius site was, at the end of the study period, not different from baseline [59] . It is of interest that these observations seemed, initially, to be paradoxical in that higher than normal bone density in the context of absent PTH was being further augmented at the lumbar spine and hip by PTH replacement therapy. However, these results do recall a key observation that when PTH is administered in relatively low dose and intermittently to normal subjects, an osteoanabolic effect is seen. This basic premise of therapy of PTH in osteoporosis may be unwittingly recapitulated in these studies of hypoparathyroidism. Consistent with this formulation, when PTH was administered at a fixed dose of 100 μg day -1 for a short 6-month period, there were small declines at the lumbar spine and hip [52] . In this study, there was an appreciable incidence of hypercalcaemia, suggesting that the doses used were beyond that associated with an osteoanabolic effect of PTH. Gafni et al. also showed in a small cohort followed for 20-60 months, a small effect of PTH to reduce BMD at the distal 1/3 radius and the lumbar spine [57] .
Bone histomorphometry. Dynamic skeletal indices confirm the remarkably low turnover state in hypoparathyroidism.
There is both a reduction in bone formation rate as well as reduction in bone resorption rate. Static indices show increased bone mass in both the trabecular and cortical compartment [48] . Trabecular number is increased and trabecular separation is decreased [56] . Therapy with PTH(1-84) stimulates bone remodelling and further increases trabecular bone volume, trabecular number and reduces separation while increasing cortical porosity and maintaining cortical width [56] .
BTMs. Consistent with bone histomorphometry, decreased PTH levels are associated with decreased BTMs in the lower half of the normal range [48] . Both bone resorption and bone formation markers are lower in hypoparathyroidism than in age-matched controls [60] . With treatment, the low bone turnover state is reversed with increases in both bone formation and resorption markers (see section below for further description).
TBS. In a study comparing hypoparathyroid patients treated for 2 years to patients with PHPT postparathyroidectomy followed-up for 2 years, baseline TBS was normal (> 1.35) in the hypoparathyroid patients (1.44 ± 0.12) but partially degraded in the hyperparathyroid patients (1.28 ± 0.13).
Hypoparathyroid patients who were treated showed a significant increase in TBS at 18 months compared to baseline. TBS also remained significantly higher compared Figure 3 Representative using high-resolution peripheral quantitative computed tomography images of the distal radius of a patient with primary hyperparayhyroidism (A) and a healthy subject (B) [44] to treated PHPT patients who became euparathyroid throughout the study [61] .
HRpQCT. Consistent with increased BMD at all skeletal sites, HRpQCT of the radius showed an increase in both volumetric BMD in the trabecular and cortical compartments compared to controls [47] . HRpQCT also revealed increased cortical volumetric density associated with a decrease in cortical porosity but also a thinning of cortical bone (contrary to histomorphometry findings). The trabecular compartment showed more varied results. Trabeculae were more numerous and closer together (consistent with histomorphometric data) but the trabeculae were thinner and no difference in trabecular volumetric BMD was noted [62] . In short, replacement with PTH is associated with increase trabecular volumetric BMD and decrease cortical volumetric BMD. This observation is consistent with the hypothesis that parathyroid hormone helps to regulate the distribution of cortical and trabecular compartments of bone. Supporting this hypothesis, Sikjaer et al. showed that 6 months of replacement PTH improved volumetric BMD at the lumbar spine but was associated with a decline in the total hip and a trend towards decline in the femoral neck [63] .
Pharmacological effects of PTH -use in osteoporosis and hypoparathyroidism
Use of PTH in osteoporosis
In contrast to the effect of continuous PTH secretion on the skeleton, when PTH is administered subcutaneously and intermittently, an osteoanabolic effect is seen. This potential of PTH to rebuild the skeleton provided the rationale for its therapeutic development.
Duration of ligand exposure -intermittent vs. continuous PTH. We now appreciate that the dosing regimen influences which of PTH's dual pathways will predominate. Dobnig et al. studied the effect of different dosing regimens in rodents with daily subcutaneous injection or infusion, 1, 2 or 6 h day -1 vs. a continuous 24-h infusion regimen [64] . By histomorphometry, osteoblast number and bone formation rate were increased under conditions of daily intermittent subcutaneous injections or 1 h day -1 infusion. Longer, more continuous infusion regimens were associated with skeletal changes resembling patients with chronic PHPT. These seminal observations helped to confirm the idea that osteoanabolic effects of PTH can be appreciated primarily in the setting of brief and intermittent exposure. The registration phase 3 trial, that led to the approval of teriparatide [PTH (1-34)], tested two doses against placebo in a double blinded, randomized study. Neer et al. [65] showed that once daily injections of 20 μg PTH (1-34) was able to reduce vertebral and nonvertebral fracture incidence by 65% and 53% respectively. BMD values at the lumbar spine and femoral neck were increased by 9% and 3% respectively but not at the radius. There were, however, small declines at the radial site with the higher 40 μg dose [65] . The 20 μg dose was developed further as the therapeutic dose because it was associated with less hypercalcemia and no reduction in radial BMD, while providing the same fracture protection as the 40 μg dose. The concept of a smaller dose given more frequently has also been supported by animal studies. Riond found that the same total PTH (1-34) dose given in a smaller but more frequent dosing regimen showed a better anabolic effect [66] .
Effect on BTMs. Studies using PTH (1-34) for osteoporosis therapy consistently show an initial rapid and large increase in bone formation markers that is followed by a subsequent increase in bone resorption markers [67] [68] [69] (Figure 4) . The kinetic profile of BTMs where bone formation precedes bone resorption is supported by early changes seen with quadruple tetracycline labelled bone histomorphometry.
Modelling-based bone accrual contributes initially to the effect of PTH (1-34) on bone formation. Modelling-based bone formation is not coupled to bone resorption and typically occurs in the quiescent surfaces of the bone.
Modelling-based bone formation can be differentiated from remodelling-based bone formation by the absence of scalloping beneath the surface of the newly formed bone. It can be inferred that smooth surfaces represent bone formation over unresorbed surfaces (modelling) whereas scalloped surfaces indicate a coupling of bone resorption by osteoclast (remodelling). Lindsay et al.
showed that 30% of bone formation in PTH (1-34)-treated patients can be attributed to bone modelling as compared to controls in whom bone formation was exclusively remodelling based [70] . From these observations, it is also important to recognize that the majority of bone accrual under the influence of PTH is remodelling-based.
Is PTH effective when given at even lower doses on a weekly basis?. Fujita et al. showed in a phase 2 study that weekly injection of teriparatide (about 30 and 60 μg -equivalent to approximately 4.3 and 8.6 μg day -1 ) for 12 months in a cohort of Japanese women increased lumbar spine BMD significantly [71] . In the subsequent phase 3 study (TOWER) by the same group, a weekly dose of 60 μg teriparatide was compared to placebo in an elderly Japanese cohort with osteoporosis and prevalent vertebral fracture [72] . The primary endpoint of new vertebral fracture incidence was reduced by 80% compared to placebo. However, there were no differences in nonvertebral fractures between the two groups. Densitometric gains of 6.4% at the lumbar spine, 3.0% at the total hip and 2.3% at the femoral neck compared to placebo were seen. BTMs followed a course that was markedly different from once-daily regimens [67, 68] . The bone formation marker, P1NP, increased moderately but fell to levels below the placebo group by 24 months. Similarly, the bone resorption marker, urine NTX, fell to levels below the placebo group from the 4 th week to the end of study. Weekly injections of PTH (1-84) showed a somewhat similar pattern in that bone formation markers increased without a corresponding increase in bone resorption markers [73] . Analyses of the microstructure of the cortex of the tibia by micro-computed tomography or bone histomorphometry in rabbits show that the same total dose administered daily increased cortical porosity but not if administered weekly over 1 month. Newly deposited endosteal bone collagen fibres were well organized in the weekly regimen suggesting lamellar bone formation was normal but haphazard in the daily regimen [74] . However, the mere demonstration of an increase in cortical porosity does not imply poorer bone quality, particularly since there are concomitant increases in periosteal and endosteal bone formation. Hansen et al. showed, for example, that despite increased cortical porosity, bone strength as evaluated by finite element analysis at the distal radius and tibia from postmenopausal women was preserved with teriparatide [75] . If validated in other populations, weekly dosing of PTH is a cost-effective and innovative approach.
Use of PTH in hypoparathyroidism
Designing PTH or PTHrP analogues that display a more prolonged state of binding to the PTH/PTHrP receptor would be expected to approximate the tonic secretory state of PTH. Both PTH (1-84) and PTH (1-34) are formulated as subcutaneous injections and both have been used to replace the deficient or absent parathyroid hormone in patients with hypoparathyroidism. In this disease, however, the goal is the opposite of the goal in the treatment of osteoporosis. In hypoparathyroidism, it is desirable to take advantage of the longer-lived configuration of the PTH-PTH/PTHrP receptor interaction, not the shorter one. In this setting, the more prolonged action of PTH would be beneficial because the tonic secretory state of PTH as secreted by normal parathyroid glands would be more closely mimicked. Therefore, PTH (1-84), with its extended bioavailable pharmacokinetic profile compared with PTH (1-34) would be advantageous. PTH (1-84) has been approved in the USA for the management of hypoparathyroidism since January 2015. It received approval by the EMA in Europe in April 2017 [76] . The difference in pharmacokinetics between intact PTH (1-84) and PTH (1-34) is further illustrated by the clinical experience with both molecules in the treatment of hypoparathyroidism. As anticipated by the foregoing discussion, PTH (1-34) requires at least twice daily injections and sometimes three injections per day to achieve adequate control whereas PTH (1-84) can be used successfully with a once-daily dosing regimen [77] . Therapy with PTH replacement reduces the need for calcium and calcitriol. Mannstadt et al. showed that 53% of patients who received PTH (1-84) replacement were able to reduce their oral calcium and active vitamin D by 50% while maintaining stable and normal calcium levels at 24 weeks of therapy [78] . There seems to be a suggestion that more physiological delivery of PTH may reduce urinary calcium excretion. Winer et al. showed that continuous delivery of PTH (1-34) via pump was able to reduce urinary calcium by 59% when compared to twice daily injections of PTH (1-34), which seems to suggest that a more physiological approach is beneficial [79] .
Fox et al. compared four routes and sites of administration of PTH (1-84) [80] . Intravenously administered PTH (1-84) was cleared rapidly and provided the shortest calcium response, clearly not an attractive course for a disease such as hypoparathyroidism. Subcutaneous routes were compared between the thigh and the abdomen. The thigh sites provide for slower absorption than the abdomen and therefore a more prolonged calcaemic response. Subcutaneous thigh injection results in a biphasic profile with an initial peak 15 min postinjection representing rather direct delivery of the drug into the circulation and a second peak after 2 h [63] indicating a slower uptake mechanism via the lymphatic system. PTH levels return to baseline after 12 h and calcium levels returned to baseline after 24 h. For this reason, thigh injections are recommended for the treatment of hypoparathyroidism with PTH (1-84).
Figure 4
Median change from baseline in the serum bone formation (s-PINP) and resorption (s-CTX) marker over time during placebo, teriparatide and abaloparatide treatment of postmenopausal women with osteoporosis (n = 184 placebo, n = 189 abaloparatide, and n = 227 teriparatide participants) [107] Effects on BTMs. Treatment with either PTH (1-34) or PTH (1-84) reverses the low bone turnover state in hypoparathyroidism. In studies of PTH (1-34), intermittent replacement increase BTMs above the normal range. Winer et al. showed that BTMs remained persistently elevated in longitudinal studies of up to 3 years with twice daily regime with a peak at 2-2.5 years with a suggestion of a taper at 3 years [54] . There was a suggestion of a smaller increase in BTMs in the twice a day regimen compared to the once a day regimen although both bone formation and resorption markers were above the normal range [77] . Additionally, continuous administration of PTH (1-34) via pump delivery was able to keep both bone formation and resorption markers within normal range as opposed to twice daily regimen, which remained above the normal range [79] . In studies of PTH , once a day injection of PTH (1-84) of up to 6 years, also resulted in an increase in BTMs. BTMs peaked at 1 year on therapy and then a decrease but remaining above baseline values by 6 years of therapy. At the peak, the extent of this increase in bone formation marker was three-fold higher than baseline as compared to bone resorption marker which was two-fold higher than baseline [81] . Similarly, more frequent regimens of PTH (1-84) either twice daily injections or continuous administration via pump is expected to reverse the low bone turnover state, possibly keeping BTMs within the normal range and correspondingly without inducing bone remodelling excessively.
Systems pharmacology of PTH
The preclinical and clinical pharmacokinetics (PK) and pharmacodynamics (PD) of PTH have been described for most forms of PTH such as PTH [15, 63, 80, 82, 83] , PTH [77, [84] [85] [86] and PTHrP [87] , during various modes of administration such as intravenous, subcutaneous, transdermal, continuous and intermittent with various dose intervals in healthy volunteers [84] , and in patients with osteoporosis and in patients with hypoparathyroidism [15, 88] . In addition, some PTH-releasing compounds have been studied [89] . In many of these studies all earlier-mentioned PD parameters were assessed, such as BTMs, ionized and total calcium in serum and urine, phosphate in serum and urine, 25OHD, 1,25 dihydroxyvitamin D, urinary cAMP, as well as other hormones and factors that play a role in bone such as RANKL and OPG [90, 91] , FGF-23 [92] and sclerostin [93] . Most data linking changes in BMD with changes in minerals, hormones and BTM in osteoporosis come from studies that did not include a PK component [68, 92, [94] [95] [96] . From this pool of data, mathematical PK/PD models have been iteratively developed over several years, with increasing complexity but also an increasing ability to describe the PK of PTH and its analogues as well as the effects of treatment in time. In 2010, Peterson and Riggs integrated three previously published models that were all able to quantify some aspects of bone biology and related physiology [97] ; an intricate general mathematical model that describes systemic calcium homeostasis [98] ; a quantitative cellular model describing the linking of osteoclasts and osteoblasts [99] ; and an intracellular control mechanism that describes the differential responses to PTH [100] . The latter model qualitatively describes the relative activities of the intracellular signalling pathways involving Runx2, Bcl-2 and CREB transcription factors (Runx2-Bcl-2-CREB system), which has been purported to influence the differential effects of continuous and intermittently administered PTH on catabolic and anabolic bone changes, respectively. A schematic of the physiological system model to describe calcium homeostasis and bone remodelling, which is really a system of 28 differential equations, is depicted in Figure 5 . While some values were estimated from actual patient data, other values of the many parameters of this highly complex mathematical model were derived from the preclinical and clinical literature. In addition, while complex, this modelling exercise might not entirely reflect our current understanding of bone physiology and calcium homeostasis. Despite these potential flaws, the model adequately describes BTMs, hormone, calcium and phosphate levels as well as BMD during hyperparathyroidism and hypoparathyroidism, as well as during other conditions such as renal impairment. Moreover, it describes the effects of various drugs such as bisphosphonates, cathepsin K inhibitors, the RANKL-antibody denosumab (for which this model was originally developed), the sclerostin antibody romosozumab, as well as PTH remarkably well. In all these settings, this model, to some extent, is able to predict the effect of various dose regimens, the simultaneous transient and continuous effect on BTMs and BMD, respectively as observed during romosozumab treatment, as well as the rebound effect in terms of BTM and rapid loss in BMD after stopping of treatment of oestrogens, cathepsin K inhibitors and denosumab [101] .
Figures 6-9 illustrate nicely the ability of the model to describe the various effects of hypo-and hyperparathyroidism as well as the effects of intermittent subcutaneous PTH . The model does not adequately address the transient effects on BTM of intermittent PTH treatment, neither in osteoporosis nor in hypoparathyroidism. In addition, the model does not seem to include all (patho-)physiological aspects potentially relevant for PTH, such as the different conformation states of the PTH/PTHrP type 1 receptor. Like any PK/PD model, this highly complex model for bone physiology and calcium homeostasis might therefore also be limited in its ability to predict some future developments related to PTH but not yet captured by the model, such as the clinical development of abaloparatide. Interestingly, in 2005, Potter et al. described a mathematical model for PTH receptor kinetics, focusing on the receptor's response to PTH dosing to discern bone formation responses from bone resorption [102] . In essence, this model is based on the concept of receptor desensitization with the active and inactive receptor species explained as G protein coupled and uncoupled receptors, respectively. While it is not known to us if this model has been incorporated yet into other pharmacological models, it might be useful in support of further development of PTH-based compounds.
New developments
New developments in the area of PTH include new analogues of PTH such as abaloparatide, and new modes of administration of PTH such as transdermal and oral formulations and the use of pump delivery systems.
Abaloparatide
Abaloparatide was approved on 28 April 2017, by the Food and Drug Administration for therapy of postmenopausal women with osteoporosis at high risk for fracture [103] . Abaloparatide is identical to PTHrP through the first 22 residues but, thereafter, several substituent amino acids render this molecule very different in terms of its interactions at the receptor level. By virtue of the different primary sequences, abaloparatide's interaction with the PTH/PTHrP-1 receptor is indeed more fleeting than PTHrP or teriparatide. Abaloparatide binds with lower affinity to the R 0 conformation state of the PTH/PTHrP-1 receptor but similar affinity to the R G conformation state than teriparatide or PTHrP (Figures 1 and 2) . The preferential binding of abaloparatide for the R G state elicits only a transient cyclic AMP signalling response and makes it ideally set up for the transient interaction associated with greater anabolic potential [104] . The greater anabolic effect of abaloparatide, explained by this receptor mechanism, permits a dosing regimen that is four-fold higher than teriparatide while maintaining its anabolic properties without an associated increase in adverse effects, such as hypercalcemia. The PK profile of abaloparatide and teriparatide are similar. A single dose of subcutaneously administered abaloparatide (80 μg) has a half-life of 2.3 h, peaks at about 45 min and remains in the circulation for about 7 h [105] . Besides greater selectivity, another distinguishing property, that has clinical relevance, is that abaloparatide does not require refrigeration.
In the dose-finding phase 2 trial, daily subcutaneous injections with 20, 40 and 80 μg of abaloparatide were compared with 20 μg of teriparatide for up to 24 weeks [106] . There was a linear dose response to gains in BMD at the lumbar spine with increasing dose of abaloparatide. Both the 40 and 80 μg doses were effective at increasing lumbar spine BMD when compared to placebo (5.2 and 6.7% vs. Schematic of physiological system model to describe calcium homeostasis and bone remodelling [97] the 80 μg dose was effective at increasing the femoral neck or total hip BMD when compared against placebo. At this dose, the change in femoral neck BMD was not different between abaloparatide and teriparatide but the increase in total hip BMD was higher in abaloparatide compared to teriparatide. Of note, teriparatide did not significantly increase hip BMD at 24 weeks in this short study. The effect on BTMs was also different between the two anabolic agents. There was a linear dose response with bone formation markers with abaloparatide. The increase in formation markers was similar between 40 and 80 μg doses and 20 μg teriparatide. In contrast, and as expected, abaloparatide's effect on bone resorption markers was smaller than teriparatide.
The 80 μg abaloparatide dose was thus chosen for the definitive phase 3 double blinded, randomized controlled clinical trial (ACTIVE) [107] . The 80 μg dose of abaloparatide was compared with placebo and an open label comparison with teriparatide over 18 months. The primary end point was new vertebral fractures. The study was underpowered to appreciate the differences in the primary end point between abaloparatide and teriparatide although both appeared similarly effective in reducing new vertebral fractures by 86 and 80% respectively compared with placebo. Abaloparatide reduced nonvertebral fractures by 43% compared with the 28% reduction in the teriparatide group, the latter of which did not reach statistical significance. If one takes into account the nonvertebral fracture efficacy from the original teriparatide phase 3 study, the reduction in nonvertebral fracture with teriparatide was only appreciable after 9-12 months of use [65, 107] . In contrast, fracture efficacy with abaloparatide was evident earlier as compared to the time course from the report of Neer et al. for teriparatide [65] .
Abaloparatide increased femoral neck BMD by 3.6%, total hip BMD by 4.2% and lumbar spine BMD by 11.2% by 18 months. Abaloparatide demonstrated significantly greater BMD gains at the hip compared to teriparatide but the gains at the lumbar spine were similar. The effect on BTMs was different between the two ligands ( Figure 4 ). Increases in bone formation markers with abaloparatide were smaller from 3 months to end of study and a transient and smaller increase in bone resorption markers from 3 months to 12 months was observed compared with teriparatide. Abaloparatide demonstrated less hypercalcaemia than the teriparatide group (3.42% vs. 6.1% respectively). The less prominent change in BTMs was mirrored by findings of lower eroded surface in the substudy evaluating the effect of abaloparatide on bone histomorphometry [108] . This is consistent with a smaller effect on parameters of bone resorption.
Pegylated PTH
Modifying PTH or PTHrP or combining them with other moieties has the potential of exploiting differential interactions Figure 6 Daily steady-state changes in plasma calcium (dashed line, left axis) and parathyroid hormone (PTH; solid line, right axis) predicted by the model after 1 month of once-daily PTH 1-34 administration (20 μg teriparatide) [97] Figure 7
Percent of baseline (%) following once-daily PTH 1-34 (20 μg teriparatide) administration for (A) plasma calcium (solid line) and phosphate (dot dash line), (B) plasma PTH (solid grey line) and calcitriol (solid line), and (C) bone-related osteoclast (dashed line) and osteoblast (solid line). The solid bands in panels (A) and (B) represent the peak-to-trough fluctuations in plasma calcium (A) and PTH (B), respectively. Circles (O) and triangles (Δ) represent observed urine N-telopeptide and bone-specific alkaline phosphatase (C), respectively [97] with the PTH/PTHrP-1 receptor. Depending upon the intent of such alterations, greater therapeutic benefits could be applicable to either osteoporosis or hypoparathyroidism. Attaching a polyethylene glycol chain to the PTH (1-34) polypeptide can extend its pharmacodynamics and pharmacokinetic properties by increasing its molecular size and delaying its renal clearance. Pegylated PTH can be detected in the circulation for at least 24 h compared to the 4-h circulatory life of PTH (1-34) [109] . This is a profile that would be attractive for the treatment of hypoparathyroidism.
Cys 25 hPTH (1-34)
The residues from 25-34 of the native PTH hormone form the primary domain for receptor binding. Discovery of a rare cause of hypoparathyroidism due to a substitution of the 25 th residue of the native PTH from arginine to cysteine with a high bone mass phenotype led to a study of once a day injections of Cys 25 hPTH (1-34) in ovariectomized mice. It confirmed a briefer interaction with the receptor with a lower binding affinity and shorter cAMP generation and a greater anabolic effect on both trabecular and cortical bone. This PTH analogue may confer R G selectivity but would be hampered by its relatively weak biological activity [110] . It would be attractive in the management of osteoporosis.
Hybrid analogue -PTH (1-14)/PTHrP (15-36) hybrid ligand
After PTH binds to the PTH/PTHrP-1 receptor, the ligand bound receptor is internalized. This process requires the phosphorylation of the C-terminus region of PTH. It was found that modifying the C-terminal portion increased binding affinity to the R 0 conformation and prolonged the signalling response [111] . Joining the 15-36 region of the PTHrP to the 1-14 sequence of the PTH fragment prolonged calcemic 
Figure 9
Primary hypoparathyroidism instituted in the model as an immediate 50% lowering of endogenous parathyroid gland production of parathyroid hormone (PTH) leading to changes in percent of baseline (%) for (A) plasma calcium (dashed line) and phosphate (solid line), (B) plasma PTH (dashed line) and calcitriol (solid line), and (C) bone-related osteoclast (dashed line) and osteoblast (solid line) function. A horizontal reference (dotted line) is included on each figure at the baseline value of 100% [97] effects for >24 h even though the molecular hybrid had a half-life of only 8 min.
Pump delivery systems incorporating the tonic, circadian and pulsatile secretory dynamics
Extending the concept of prolonged in vivo 'life' of PTH in hypoparathyroidism, Winer et al. used continuous administration of PTH (1-34) via a subcutaneous pump delivery system in hypoparathyroidism. In that comparative study with a twice daily injection group, pump administration was associated with a marked and sustained reduction in urinary calcium excretion [79] . Further development of drug delivery system using native ligand or analogues that would mimic the normal secretory physiology of PTH with tonic, circadian and pulsatile secretory dynamics would be ideal as a therapy for hypoparathyroidism.
Oral
As peptides, both PTH (1-84) and PTH (1-34) have very poor oral bioavailability. Thus, technologies that enhances the gastrointestinal absorption and/or retards the breakdown of these peptides may make possible orally administered therapeutics in the future. PTH attached to a carrier molecule (5-CNAC) [112] or enteric coated formulation of PTH (1-31) [113] are promising developments in osteoporosis treatment. In preclinical studies, a promising orally administered non-peptidyl PTHR1 agonist has been shown to restore calcium longer than PTH (1-84) or PTH (1-34) in parathyroidectomized rodents thereby exhibiting durable calcium homeostatic activity [114] .
Transdermal
Cosman et al. [115] showed that with a transdermal route of administration, various doses of PTH (1-34) were effective in increasing BMD in postmenopausal women with osteoporosis. The transdermal microneedle patch was able to deliver PTH (1-34) in a rapid pulse with a shorter half-life as compared to the injectable form. The increase in total hip BMD was thus greater with the 40 μg patch than the 20 μg injections of teriparatide after 6 months of therapy [115] . Although short term, this study suggests that the transdermal microneedle patch is a convenient and effective delivery system. Recent reports have also suggested promising development of a transdermal abaloparatide [116] .
Conclusions
Remarkable progress has been made since the emergence of PTH as an osteoanabolic therapeutic agent. Not only has the discovery of PTH's therapeutic use broadened the options for treatment of osteoporosis, but new paradigms for treatment of hypoparathyroidism, in which the deficient hormone is replaced, are now possible. Further characterization of the molecular mechanisms that form the basis for the way PTH ligands interact with the PTH/PTHrP receptor has refined its pharmacological use in treatment of more common disorders such as osteoporosis as well as rare diseases such as hypoparathyroidism. With the growing wealth of knowledge arising from the physiological, pathophysiological and pharmacological actions of PTH, development of new PTH analogues that modulate a predominant catabolic, anabolic or homeostatic function is likely to translate into novel therapies for these metabolic bone diseases.
